With the rapid increase in oil and gas consumption in the world's energy consumption structure, the pace of global oil-gas pipeline construction has accelerated. Pipeline accidents that cause huge economic losses occur frequently, so inspection and maintenance of oil and gas pipelines have become critical issues. This paper presents a helical-contact deformation measuring method based on a multi-purpose helical drive in-pipe robot that can be used in harsh 3D unknown enclosed near-circular environments, such as oil-gas pipelines. This measuring device has a simple structure and does not need an additional driving module to rotate the measuring device. The device can rotate together with the robot's driving wheels and measure pipe diameters ranging from 180 mm to 210 mm. Eccentricity analysis and simulation are also conducted.
Introduction
As one of the five major modes of transportation, pipeline transportation has the advantages of confined good, safe, low cost, and large transportation volume. In recent years, the pace of global pipeline construction has accelerated. However, accidents among old pipelines occur frequently. The reasons are summarized in the following aspects:
1. Harsh environment in pipelines: high temperature, high pressure, and corrosion environment.
2. Uneven quality of the oil and gas transported through pipelines. 3. Long pipeline mileage and varied external environment (seasonal changes lead to changes in ambient temperature; earthquakes, and landslides caused by geological changes). 4. Complex operating conditions (flow changes in pipes, electric power or pump malfunction, fluid impact on pipeline when opening or closing valves, pipe blockage or leakage leads to fluctuations in temperature, pressure, and flow rate).
If the operating status of pipelines is not detected well, pipelines will be damaged and cause huge accidents and economic losses [1] . Some measuring methods have been proposed to predict pipeline deformation for reducing accidents and losses [2] .
Numerous pipe inspection technologies have been recently developed for pipe condition monitoring [3] . Commonly used detection methods include visual inspection [4] - [7] , electromagnetic methods [8] , [9] , acoustic methods [10] , ultrasound methods [11] , radiographic methods [12] , thermography methods [13] , intelligent pigs, and robotic survey systems [14] , [15] .
A mobile robot equipped with two lasers and a CCD camera can carry out pipe inspection [16] . The 3D shape of a sewer pipe can be reconstructed considering the movement of the mobile robot along the pipe. Synthetic aperture focusing with the virtual source method is used to extend the effective range of the focused ultrasonic transducer [8] . It increases lateral resolution when the pipe diameter increases, and the inspection robot is eccentric with the pipe. The radiographic method is used to detect and assess the welding defects of pipelines. Necessary information such as length, width, area, and perimeter of the defects can be calculated from the automated vision system [11] . A series of infrared thermography testing experiments has been performed to show that it is a suitable method for non-destructive testing of corrosion pits and wall loss defects in high-temperature pressure pipes [13] . A kind of pipeline inspection robot named "RoboScan" can monitor the gas distribution network [17] . RoboScan is equipped with a vision system, an acoustic sensor system, and an inertial measurement unit to detect gas leaks and navigation. However, these methods all use non-contact measurements, which may not be applicable to the proposed oil-gas pipeline measurement as the harsh environment prohibits the use of such instruments [18] .
More recently, several studies have focused on contact measurement. A snake-like robot has been used to map simulated 2D opaque and confined environments, such as circular pipes with known limited diameters [19] . However, unknown tube width and irregular wall contours were not discussed in previous studies, and this robot cannot be used in a 3D environment. A method for tactile exploration of oil wells and mapping underwater disaster sites has been proposed [20] , [21] , but the use of only one probe limits measurement speed and precision. A previous study developed a polyvinylidene fluoride-based cantilever smart probe to scan the surface quality of pipes [22] . Their research group only tested surface projection in pipes, whereas shape and deformation measurements were not involved.
This paper proposes a helical-contact deformation measuring method based on a multi-purpose helical drive in-pipe robot that can be used in harsh 3D unknown enclosed near-circular environments, such as oil-gas pipelines. No additional driving module is needed. The helical measuring device rotates together with the robot's driving wheels so that as many points as possible on the circumference of the pipe can be measured. In this way, the device can map a deformed pipe more accurately.
Helical-Contact Deformation Measuring Device Design

Details of In-Pipe Robot Vehicle
An in-pipe robot vehicle that can move in a pipe of diameter from 160 mm to 210 mm is developed by the authors [23] . This vehicle is used to carry the helical-contact deformation measuring device to conduct the measurements. Its characteristic parameters are shown in Table 1 . 
Helical-Contact Deformation Measuring Device Structure
The helical-contact deformation measuring device is installed on an in-pipe robot vehicle. Three digital dial indicators and three measuring probes are arranged in Figure 1 . Schematic diagram of the helical-contact deformation measuring device.
the angle of 120
• and connected by the 3D printing measuring body. The length of the helical-contact deformation measuring device is 130 mm and the main diameter is 90 mm. It can measure pipe diameters ranging from 180 mm to 210 mm. The schematic is shown in Fig. 1 . When the robot's driving unit rotates and moves forward, the helical-contact deformation measuring device moves with it. If pipe deformation exists, the measuring probes will retract or expand to collect the pipe deformation data.
Measurement Approach
First, the in-pipe robot and the helical-contact deformation measuring device are placed into a pipe. The three measuring probes on digital dial indicators are in contact with the inner pipe wall and maintained in the same compression. The centre of the robot and measuring device coincide with the pipe centre. The initial radius of the pipe is defined, and the three digital dial indicators are set to zero. If the diameter of pipe does not change, the three probes will remain constant. However, if the pipe diameter changes, the probes will compress or elongate accordingly. The pipe shape can be drawn by collecting, calculating, and analysing the data of digital dial indicators with a computer.
Kinematic Model and Analysis of the Robot
Space Spiral Equation Establishment
When the helical-contact deformation measuring device rotates and moves forward, the three probes draw three helical paths, as shown in Fig. 2(a) . Fig. 2(b) shows one of the paths. A coordinate is established, and the z-axis is parallel to the pipe's axis.
Initially, the three probes are equal in length. The initial radius of pipe is R 0 , the centre of the three probes is (0, 0), the helical angle is α, and the rotation speed of the probing device is n. The elongation of probes is l i , and the compression of probes is −l i , where i is from 1 to 3. When the pipe diameter changes or the pipe deforms, the 56 value of l i may change accordingly. Thus, the space spiral equation can be established as below.
Eccentricity Analysis
A screw-type in-pipe robot with three driving wheels and guiding unit makes it easier to centralize the main body and measuring device in pipes. However, in real conditions, an in-pipe robot system is often eccentric in pipelines influenced by the following reasons: 1. When walking in horizontal pipelines, gravity is an important factor that should not be ignored. The gravity of an in-pipe robot system will bring about different compression or elongation of the three driving arms and three probes. 2. The structure manufacturing deviation of the in-pipe robot results in asymmetric size. 3. The periodic rotation of motor and robot arms will cause periodic eccentricity. 4. Pipeline local deformation and impurity accumulation will cause irregular eccentricity. Most of the circumstances above are inevitable. Thus, we define eccentricity as the distance from the centre of the measurement device to the centre of the pipe.
When the pipe diameter decreases, eccentricity will exert a more adverse effect on in-pipe robot movement than a larger pipe diameter. Even worse, the robot and measurement unit will be stuck in pipes.
However, if the measurement device is eccentric, and eccentricity is ignored when measuring pipes, the pipe shape and deformation measurement will be inaccurate. Thus, pipe deformation will not be found and it will bring about a potential hazard in oil-gas security.
There are two regular eccentric conditions during measurement:
1. Lengths of the three probes are nearly constant, so the helical-contact deformation measuring device is in periodic eccentricity condition ( Fig. 3(a) ). The trajectory of the eccentric point is a small circle, which is concentric with the pipe. 2. The lengths of the three probes are in periodic variation (increase then decrease gradually, or decrease then increase gradually), so the helical-contact deformation measuring device is in aperiodic eccentricity condition ( Fig. 3(b) ). The eccentric point is fixed. In actual measurement, the measuring points are (x i , y i ) and the measuring centre is (0, 0), where i is from 1 to 3. If the lengths of the three probes are not equal, the helical-contact deformation measuring device is eccentric. Three points determine three helical paths. These helical paths are centred in (0, 0) but have different radii (Fig. 3(c) ).
The real helical paths are centred in (x c , y c ) and in the same radius, which is equal to the pipe radius ( Fig. 3(d) ). Therefore, the eccentricity is the distance from point (0, 0) to point (x c , y c ).
When eccentricity occurs, the intersection point of two perpendicular bisectors connected between two of the three measuring points will be the pipe centre. Fig. 4(a) shows one-way eccentricity, and Fig. 4(b) shows bidirectional 57 eccentricity. Hence, the coordinate (x c , y c ) of the pipe centre can be calculated as follows:
The pipe radius R i at the measuring moment can be obtained as follows:
The real pipe shape can be drawn with the helical trajectory equations as follows:
Ranges of Parameters
Several aforementioned parameters are very important in influencing measurement accuracy. The smaller the helical angle is, the more measuring data can be collected. However, if the helical angle is too small, the three probes will measure numerous coinciding points because the probes have a certain size. Consequently, the measuring efficiency will decrease. The screw pitch of the helical trajectory should be larger than the diameter of the probe. Otherwise, the measuring points of each of the two probes will coincide with each other. Additionally, the screw pitch of the helical trajectory should be smaller than the size of pipeline internal defects to ensure measuring quality. To increase measurement accuracy and efficiency, the following relationship should be established.
where R is the radius of pipeline, d is the diameter of probe, and D is the size of pipeline internal defects.
Simulation Results
Simulation studies are conducted to verify the kinematic model and analysis, as well as to predict the measuring result and eccentricity conditions. Sixty measuring points are selected to draw the helical path. One cycle has 12 points. According to the analysed parameters in Section 3.3, the simulation parameters are selected as α = 10 • , n = 0.1 r/s, and t = s/1.2, where s is from 1 to 60. Three helical paths can be drawn using the kinematic model and theory in Section 3. Fig. 5(a) shows the periodic eccentricity conditions, which are the same as those in Fig. 3(a) . The centre path of the measuring device is a helical line. Fig. 5(b) shows the aperiodic eccentricity condition that is the same as that in Fig. 3(b) . The centre path of the measuring device is a straight line. The simulation results verify that the above theory and analysis in Section 3 are correct and valid.
Calibration and Experiments
Calibration
Before experiments, calibration of eccentricity should be done to ensure the accuracy of experiments. To test the eccentricity conditions, a Plexiglas pipe with a smooth internal surface is used. Without the influence of pipe deformation, pure eccentricity will be more obvious, thereby facilitating the analysis of this phenomenon.
The robot installed with the helical-contact deformation measuring device is placed into a Plexiglas pipe. The measuring device rotates together with the driving unit while moving forward. Three helical paths are then generated by the three measuring probes to describe the pipe shape and eccentricity circumstances. Fig. 6 shows the calibration of eccentricity in a straight Plexiglas pipe.
When the helical measuring device rotates and moves forward, the three probes will retract or expand because of the rotation period of the driving wheels. Fig. 7 shows the extension or retraction data of the three rotation probes. 58 The reason why they have different length variations is that the robot vehicle and measuring device are in inevitable eccentricity condition. A total of 1,589 measuring points are obtained in one test. The rotation period is 6 s, and 144 points are obtained in one period. Thus, the rotation speed is 1/6 s. Considering the periodical movement of the robot measuring unit, part of the measuring data is adequate to analyse the pipe shape and eccentricity. Therefore, 864 measuring points are selected to draw the helical path. The parameters are selected as α = 20
• , n = (1/6) m/s, t = (6/144) × s (where s is from 1 to 864). Fig. 8(a) and  (b) shows the near-periodic eccentricity conditions that are the same as those in Fig. 3(a) . The central path shows the robot's centre movement, which follows a helical path.
From the calibration test, the eccentricity of the measuring device is analysed. The results can help eliminate measurement and analysis deviations in pipe deformation measurement.
Experiments
Based on the analysis and simulation results, experiments are conducted to verify the design and theory in the previous sections. The in-pipe robot and measuring device are situated in the same pipe as the calibration section. 59 An obstacle is placed on the inner pipe wall (Fig. 9) . When the measuring probes pass the obstacle, data of the digital dial indicators will change accordingly.
Four experiments have been conducted. To eliminate experiment deviations, data processing must be done. If (l i − l i−2 ) is smaller than a value defined by the authors, the radius should be kept the same as the former one in (4). However, if (l i − l i−2 ) is larger than the value, the radius should be updated with the current calculated value.
A total of 200 points are intercepted in 16.58 s to draw Fig. 10 , which shows the collected data of the three rotation probes when an obstacle is encountered. In contrast to Fig. 7, Fig. 10 illustrates data fluctuation of probe 3 at approximately 1.3 s. The pipe shape and deformation in a complete period can be drawn based on the above algorithm, as shown in Fig. 11 .
Conclusion
Helical-contact deformation measuring method in oil-gas pipelines is proposed in this paper. Without additional driving module, the helical measuring device rotates together with the robot's driving wheels. Therefore, as many points as possible on the circumference of the pipe can be measured. First, a helical-contact deformation measuring device structure and measurement approach are introduced. Second, kinematic analysis, which includes space spiral equation establishment and eccentricity analysis, is conducted. Third, simulations are carried out to verify the correctness of the algorithm. Finally, experiments in Plexiglas pipe are conducted to draw the pipe shape and test the eccentricity of the measuring device. The experimental results will help guide more accurate and valid helical-contact deformation measurement in pipelines. This measurement method can be used in harsh 3D unknown oil-gas pipelines to map the pipe shape and deformation.
Future work should involve more experiments for longer and complicated pipelines (such as reducing pipeline, different sizes, and shapes of obstacles) to optimize the structures of in-pipe robot and measuring device, decrease eccentricity, and improve measurement accuracy.
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